1. Introduction {#sec1}
===============

Systemic lupus erythematosus (SLE) is a typical autoimmune disease characterized by chronic inflammation, with involvement of various organs and diverse clinical manifestations such as thrombocytopenia, rash, vasculitis, arthritis, nephritis and even neuropsychopathy \[[@bib1]\]. Autoantibodies secreted from B cells is the main factor that contribute to the disease and cause tissue damage. However, the aberrant immune system is not limited to B cells, other immune cells, such as T cells, neutrophils, plasmacytoid dendritic cells (pDC), and macrophages, are reported to be involved in SLE pathogenesis \[[@bib2],[@bib3]\].

Immune cells take advantage of various metabolic pathways to provide energy for cell survival and synthesize numerous effector molecules for cellular growth, proliferation and differentiation \[[@bib4]\]. Metabolic reprograming takes place when immune cells are activated by the stimulation of intrinsic or extrinsic signals, shifting from time-consuming oxidative phosphorylation (OXPHOS) to rapid aerobic glycolysis \[[@bib5]\]. Since immune cell function is closely associated with its intracellular metabolic pathways, the imbalanced immune system in SLE patients and lupus mouse models may present metabolic abnormalities. Previous reports have demonstrated that T cell mitochondrial dysfunction was associated with SLE disease progression \[[@bib6]\]. Nevertheless, the metabolic abnormalities of other immune cells are less understood in SLE. Increased occurrences of metabolic syndrome are observed among lupus patients, which is closely related to both atherosclerosis and multiple organ injury \[[@bib7], [@bib8], [@bib9], [@bib10]\]. Metabolomics demonstrate that intermediates related to main metabolic pathways were altered in patients with SLE by analyzing blood and urine samples \[[@bib11], [@bib12], [@bib13]\]. This review aims to elucidate main metabolism pathways as well as epigenetic regulation of metabolic reprogramming involved in lupus, addressing the pathogenesis of SLE from the perspective of immunometabolism.

2. Disturbed immune system in SLE {#sec2}
=================================

SLE is characterized by immune system activation, including autoantibody synthesis, immune complex accumulation and infiltration of proinflammatory cells \[[@bib14]\]. Diverse immune cells and inflammatory mediators have been proven to be deleterious players in the pathogenesis of SLE ([Fig. 1](#fig1){ref-type="fig"}). Increased apoptosis and defective clearance are observed in SLE patients. It contributes to self-DNA and nuclear antigens exposition and promotes activation of multiple innate immune cells. Nuclear particles mimic viral particles and activate Toll like receptors (TLR) on antigen-presenting cells, mainly dendritic cells and promote their maturation \[[@bib15], [@bib16], [@bib17]\]. Persistent activation of dendritic cells by lupus autoantigens induces T cell activation and proliferation. Activated T cells then lead to mature autoreactive B cells \[[@bib18],[@bib19]\]. Besides, B cell activating factor (BAFF) and its homolog, a proliferation-inducing ligand (APRIL), can support B cell differentiation, plasma cell survival and regulate immunoglobulin class switching \[[@bib20],[@bib21]\]. Furthermore, ribonucleoprotein and U1snRNP can induce type I IFN secretion by pDCs in SLE \[[@bib22]\]. IFN-α upregulates TLR7 and IRF7 expression in pDC, mDC and monocytes, thus enhancing the immune response to nucleic-acid-containing immune complexes \[[@bib23]\]. Besides, IFN-α also contributes to the maturation of mDC \[[@bib24]\]. BlyS/BAFF can also be induced by IFN-α and promotes peripheral mature B cells survival. IFN-α can also promote the differentiation of activated B cells into plasmablasts. With the help of IL-6, IFN-α enables plasmablasts to develop into antibody-secreting plasma cells \[[@bib25]\]. It is noteworthy that autoantibodies can bind to nuclear antigens, form immune complex and activate innate immune cells, which is a positive feedback loop and amplifies the pathogenic processes in SLE.Fig. 1Disturbed immune system in SLE. Nuclear particles activate Toll like receptors (TLR) on antigen-presenting cells, mainly dendritic cells and promote their maturation. Persistent activation of dendritic cells induces T cell activation and proliferation. Activated T cells then lead to mature autoreactive B cells. Furthermore, ribonucleoprotein and U1snRNP can induce type I IFN secretion by pDCs in SLE, which promotes the differentiation of activated B cells into plasmablasts and antibody-secreting plasma cells. Autoantibodies can bind to nuclear antigens, form immune complex and activate innate immune cells, which is a positive feedback loop and amplifies the pathogenic processes in SLE.Fig. 1

3. Mitochondrial dysfunction, oxidative stress, and hypoxia {#sec3}
===========================================================

Mitochondria plays a vital role in cellular metabolism and is reported to be essential in immune response. It not only acts as an energy machinery but also is a signal-transducing organelle \[[@bib26], [@bib27], [@bib28]\]. Mitochondrial hyperpolarization and reactive oxygen intermediates production were detected in peripheral blood T lymphocytes from SLE patients, together with diminished levels of intracellular ATP, all of which indicated a dysfunction in T cell mitochondria in lupus patients \[[@bib29]\]. CD4^+^T cells from SLE exhibit an increased mitochondrial mass and size due to increased mitochondrial biogenesis and defective mitophagy \[[@bib30]\]. Mitochondrial remodeling determines metabolic alterations and status of T cells. For instance, switch from oxidative phosphorylation to aerobic glycolysis is simultaneously accompanied by change from mitochondrial fussion to fission \[[@bib31]\]. Surface glycoprotein CD3ζ chain is degraded and replaced by FcεRIγ chain in SLE T cells due to its oxidative stress. The homologous FcεRIγ can promote tyrosine-protein kinase SYK recruitment and enhance signaling upon T cell receptor activation \[[@bib1]\]. There is a therapeutic effect with the treatment of N-acetylcysteine which protect against the oxidative stress in the mitochondria by elevating levels of glutathione and NADPH in T cells of SLE \[[@bib32]\].

Sle1c2, a lupus susceptibility locus in mice, is associated with a decreased level of ESRRG (mitochondrial metabolism regulator) and mitochondrial dysfunction \[[@bib33]\]. UCP2, a gene involved in both mitochondrial ATP production and reactive oxygen species (ROS) generation, is closely associated with SLE \[[@bib34]\]. Neutrophil extracellular trap (NET) was first described by Brinkmann as neutrophil-derived extracellular structures \[[@bib35]\]. The enhanced NETosis of low density granulocytes as well as impaired removal of NET have been reported in SLE \[[@bib36],[@bib37]\]. Ribonucleoprotein immune complex induce mitochondrial membrane hyperpolarization and ROS generation, resulting in both NET formation and oxidation of mitochondrial DNA (mtDNA). Extracellular oxidized mtDNA is a potent proinflammatory mediator in vitro and induces type-I interferon (IFN) signaling pathway in mice models. On the contrary, mitochondrial ROS inhibition in vivo reduces disease severity and attenuates type-I IFN responses in a lupus mouse model. These facts have emphasized a role of mitochondria involvement in the pathogenesis of SLE. Accordingly, decreased spontaneous NETosis and reduced disease activity was reported in MRL/lpr mice by treatment with a mitochondrial - ROS scavenger \[[@bib38],[@bib39]\]. DCs contribute to the SLE pathogenesis through indirect impacts on T cells. In DCs, mTORC1 activation accelerated their maturation by a Myc-dependent metabolic signal pathway, which is associated with increased ROS production. The impaired metabolism of DCs promotes their maturation and accelerates T cell activation in SLE, thus influencing disease progress and severity \[[@bib40], [@bib41], [@bib42]\].

Hypoxia regulates immunometabolism in multiple ways which are dependent on the transcription factor HIF-1α \[[@bib43],[@bib44]\]. Under hypoxic conditions, HIF-1α was accumulated due to inactivation of prolyl hydroxylases, an enzyme responsible for HIF-1α ubiquitylation and proteosomal degradation. HIF-1 increases levels of multiple genes involved in cell adaptations to hypoxia. HIF-1α can be upregulated via mTOR at the protein level or via STAT3 and NF-κB signaling at the mRNA level. HIF-1α has been demonstrated to increase the rate of glycolysis by upregulating glycolytic gene expression and is required for Th1 and Th17 ​cell differentiation \[[@bib45],[@bib46]\]. Nevertheless, HIF-1α exerts both positive and negative effects on Treg cell differentiation \[[@bib47],[@bib48]\]. ROS have been demonstrated to modulate the HIF pathway although the exact mechanism remains unclear \[[@bib49]\].

4. Metabolism in immune cells in SLE {#sec4}
====================================

4.1. Glucose metabolism in immune cells in SLE {#sec4.1}
----------------------------------------------

Glucose constitutes the fundamental energy source for most cells and is closely related to cell proliferation, growth and survival. Activated T cells enhances glucose metabolism dramatically to generate enough energy and synthesize intermediate materials to meet the requirement of cell proliferation and differentiation \[[@bib50]\]. Glucose deprivation leads to decreased cellular ATP levels and the serine/threonine kinase AMPK activation \[[@bib51]\]. AMPK activation has a positive regulatory effect on signaling pathways which compensate for cellular ATP. For instance, AMPK activation enhances both Glut 4 transcription and its translocation, and promotes glucose intake. In addition, it also accelerates catabolism such as fatty acid oxidation and glycolysis through ACC inhibition and PFK2 activation. AMPK negatively modulates certain key proteins in ATP-consuming reactions such as mTORC2, glycogen synthase, Sterol regulatory element binding protein 1 (SREBP-1) and TSC2 (tuberous sclerosis 2), leading to inhibition of gluconeogenesis as well as glycogen, lipid, and protein synthesis \[[@bib52], [@bib53], [@bib54], [@bib55]\].

However, inhibition of AMPK and the downstream mTORC1 activation by Roquin-1 promotes T helper follicular cell differentiation \[[@bib56]\] and a lupus-prone phenotype \[[@bib57]\]. mTOR 1 activation can be triggered not only by mitochondrial dysfunction, but also the PPP overactivation, which is correlated with the metabolic need of activating T cells \[[@bib58]\]. mTOR is an essential metabolic sensor that regulates cell growth and energy utilization and is required for polarization into Th1 and Th17 subsets \[[@bib59]\].

Chronically activated CD4^+^T cells from healthy individuals, CD4^+^T cells from SLE patients or lupus-like mice model all exhibit high levels of oxygen consumption. Nevertheless, acutely activated T cells utilize glycolysis as their main metabolic pathway \[[@bib60]\]. These results imply that the chronic stimulation by autoantigens in lupus rely on OXPHOS, whereas the acute activation of T cells by foreign antigens or the in vitro TCR stimulation is supported by the aerobic glycolysis. Previous studies showed that elevated glucose metabolism and mitochondrial respiration was observed in effector memory (EM) CD4^+^T cells from healthy controls for cell survival, differentiation, proliferation as well as IFNγ production. Consistently, EM CD4^+^T cell subsets are featured by both glycolysis and OXPHOS \[[@bib61]\]. Previous reports have demonstrated that the proportion of EM CD4^+^T cells is expanded in SLE patients \[[@bib62]\], which may account for the resemblance between the metabolism of normal EM CD4^+^T cells and that of SLE CD4^+^T cells. It is noteworthy that naïve CD4^+^T cells in lupus-prone mice also had enhanced glycolysis and OXPHOS. These results indicate that an altered intrinsic metabolism reprograms exist in SLE T cells, including increased glycolysis and OXPHOS. SLE T cells share the EM metabolic characteristics, which may contribute to their hyperactive status \[[@bib63]\].

Additionally, glucose transporters are expressed on T cells surface. TCR and CD28 stimulation induces GLUT1 expression, which is associated with increased glucose uptake and glycolysis \[[@bib64]\]. GLUT1 overexpression has not been observed in human SLE and lupus mice model while GLUT1 is linked to activated CD4^+^T cells accumulation and antibodies production \[[@bib65],[@bib66]\]. Additionally, GLUT1 overexpression in CD4^+^T cells caused effector T cells expansion, whereas AMPK activation reduces Glut1 levels and increases Treg cells. This has revealed that there is a difference in glucose metabolism for effector and regulatory T cells \[[@bib67]\]. HIF1α not only controls the cellular response to hypoxia, but also induces GLUT1 expression which is essential for Th17 differentiation \[[@bib68]\].

Currently, glucose metabolic in SLE immune cells are mainly focused on T cells. In fact, glucose signaling pathway is also critical to other immune cells ([Fig. 2](#fig2){ref-type="fig"}). Just as CD4^+^T cells, the majority of activated B cells are glycolytic \[[@bib69]\], but the detailed mechanism is still poorly understood. It was confirmed that the enforced expression of mTORC1 can lead to plasma cell differentiation. mTORC1 is activated in the B cells of lupus-prone mice and rapamycin can inhibit B lymphocyte proliferation and survival \[[@bib70],[@bib71]\], indicating that mTOR is associated with the pathogenic autoantibody production. Overexpression of B cell activating factor (BAFF) increase the lupus-like autoantibodies in a transgenetic mouse model, and B cells in this mouse model exhibit highly glycolytic phenotype \[[@bib72]\].Fig. 2Glucose metabolic pathways in immune cells. The glucose metabolic pathway includes both glycolysis and oxidative phosphorylation. T cell receptor (TCR) stimulation activates mechanistic target of rapamycin complex 1 (mTORC1) through PI3K-AMPK pathway. Low levels of NADPH and glutathione leads to increased levels of mitochondrial reactive oxygen species (ROS) and decreased levels of ATP. It also contributes to mTORC1 activation, directly or through elevated levels of kynurenine. mTORC1 activation facilitates glucose metabolism through hypoxia-inducible factor 1α (HIF-1α) and Myc. In B cells, B cell activating factor (BAFF) and B cell receptor (BCR) signals increase glucose metabolism and glycolysis. This promotes pyruvate influx into the mitochondria, which is essential for the survival of long-lived plasma cells.Fig. 2

4.2. Lipid metabolism in immune cells in SLE {#sec4.2}
--------------------------------------------

Latest evidences suggest that mice with high-fat diet culminate in cholesteral accumulation in spleens and lymph nodes as well as auto-antibody production \[[@bib73]\]. It indicates that lipid metabolism also exerts a fundamental role in the immune responses and pathogenesis of autoimmunity ([Fig. 3](#fig3){ref-type="fig"}). Cholesterol and glycosphingolipids are significant constituents of lipid rafts of the cell plasma membrane and are aggregated in T cell from SLE patients \[[@bib74]\]. Actually, SLE T cells are featured by increased glycosphingolipid synthesis, which has a close association with TCR activation. Inhibiting glycosphingolipid synthesis not only reduces T cell activation in vitro, but also decreases anti-dsDNA antibody titres in SLE patients \[[@bib75]\]. Notably, there is disturbed glycosphingolipid metabolism in the renal specimen of MRL/lpr mice and SLE patients due to over-expression of two enzymes, β-1,4-galactosyltransferase 5 (β4GalT-5) and neuraminidase 1 (NEU1) \[[@bib76]\]. As a nuclear receptor which regulates cellular lipid metabolism and trafficking, the oxysterols receptor LXR is responsible for glycosphingolipids accumulation in T cells from SLE patients \[[@bib75]\]. Since LXR exerts both proinflammatory and anti-inflammatory functions \[[@bib77]\], the role of LXR remains elusive in SLE development. It remains to be explored that whether LXR signaling drives disturbed GSL homeostasis or LXR is activated as a compensatory mechanism for the dysregulated cholesterol metabolism in autoimmune T cells.Fig. 3Lipid metabolic pathways in immune cells. Fatty acid oxidation pathway converts fatty acids into multiple intermediates (including acetyl-CoA, NADH and FADH~2~) for energy generation. Fatty acid synthesis is essential for activation-induced proliferation and differentiation of effector T cells.Fig. 3

FLI1 is a transcription factor expressed in T cells that regulates glycosphingolipids synthesis. It has been reported that an alteration in FLI1 promoter region resulted in elevated FLI1 levels and predisposition to SLE. Accordingly, FLI1-haplodeficiency reduces disease severity in MRL/lpr mice, which is accompanied by decreased T cell activation \[[@bib78],[@bib79]\]. Sterol, a specific type of fatty acid, has the capacity to regulate Th17 ​cell differentiation via RORγ activation \[[@bib80]\]. In clinical settings, A reduced Th17 polarization and a increased Treg cell expansion are observed in multiple sclerosis and RA patients respectively, who have received treatment with statins \[[@bib81],[@bib82]\]. Besides, statins have proved to not only decrease cardiovascular morbidity but also stabilize renal function in SLE patients \[[@bib83]\].

It is konwn that fatty acid oxidation pathway converts fatty acids into multiple intermediates (including acetyl-CoA, NADH and FADH~2~) for energy generation while fatty acid synthesis pathway produces lipids for cellular growth and proliferation \[[@bib4]\]. In addition, fatty acid oxidation and synthesis also exert opposite roles in immune system. Fatty acid oxidation is favorably utilized by non-inflammatory and tolerogenic immune cells while fatty acid synthesis is featured by inflammatory responses \[[@bib84],[@bib85]\].

Fatty acid synthesis is essential for activation-induced proliferation and differentiation of effector T cells, which is determined by acetyl-CoA carboxylase I (ACCI). ACCI-konck out mice are immune from autoimmune encephalitis, a model of multiple sclerosis with dominance of Th17 ​cells \[[@bib86],[@bib87]\]. In light of Th17 involvement in SLE, it is worthwhile to investigate fatty acid production in SLE T cells. Fatty acid oxidation provides large energy for Treg cells and memory CD8^+^T cells \[[@bib88]\]. Furthermore, Fatty acid oxidation has been reported to regulate the inflammatory functions of macrophages and macrophage differentiation \[[@bib89]\]. The abnormal deposition of fatty acids and their derivative lipoproteins in macrophages correlate well with foam cell synthesis and pathologic inflammation \[[@bib90]\]. It has been demonstrated that the elevated intracellular levels of unsaturated fatty acids such as oleic acid, linoleic acid and arachidonic acid, induces IL-1α secretion in foam cells, leading to aberrant inflammation in vivo \[[@bib91]\].

Macrophages, specialized phagocytic cells, are able to uptake various kinds of lipids (LDL, VLDL, and oxidized lipoproteins) through processes such as phagocytosis, macropinocytosis, and scavenger receptor-mediated pathways \[[@bib92]\]. Macrophages from SLE patients are reported to have impaired phagocytic ability. There is a feed-forward loop between NETs and macrophages in SLE patients. NETs, together with its constituent peptide LL-37, activates the inflammasome and induces IL-18 and IL-1β secretion. The released cytokines can in turn stimulate neutrophils to undergo NETosis and amplify the loop, thus producing multiple proinflammatory cytokines \[[@bib93]\].

4.3. Amino acids metabolism in immune cells in SLE {#sec4.3}
--------------------------------------------------

Amino acids and their metabolism play a vital role in immune function ([Fig. 4](#fig4){ref-type="fig"}). Particularly, glutamine catabolism regulates immune cell function in various aspects \[[@bib94]\]. Adequate amounts of glutamine have been demonstrated to be necessary for IL-1 induction by macrophages upon LPS stimulation \[[@bib95]\]. Interestingly, recent reports has shown that most glutamine entered into the TCA cycle and the hexosamine pathway and induces M2 macrophage polarization upon IL-4 stimulation. Nevertheless, glutamine is not a requisite for the development of LPS-stimulated M1 macrophages \[[@bib96]\].Fig. 4Amino acid metabolic pathways in immune cells. Amino acids and their metabolism play a vital role in immune function. Glutamine has been demonstrated to be necessary for IL-1 induction upon LPS stimulation. Indoleamine-2,3-dioxygenase (IDO), is responsible for tryptophan catabolism through General control nonderepressible 2 (GCN2). The arginine pathway is mainly modulated by Arg-degrading enzymes such as NO synthase.Fig. 4

Glutamine metabolism also modulates immune responses of both T cells and B cells. Besides, both T cell and B cell activation involves large glutamine consumption and requires glutamine in response to antigen receptor stimulation \[[@bib97],[@bib98]\]. In regard to T cells, heterozygous knockout of glutaminase leads to increased ROS levels which are increased upon hypoxia. This implicates that glutamine metabolism is helpful in controlling ROS stress \[[@bib99]\]. Amino acid transporters are fundamental for effector T cell differentiation and function, such as ASCT for glutamine and CD98 for branched amino acids \[[@bib100]\]. Glutaminolysis is indispensable for maintaining T cell activation and proliferation. Blockage of glutamine with the 6-diazo-5-oxo-[l]{.smallcaps}-norleucine (DON) inhibits activation-induced proliferation in vitro \[[@bib101]\]. Enzymes involved in glutaminolysis are significantly elevated in CD4^+^T cells from lupus-prone TC mice, suggesting that it leads to increased OXPHOS in these cells and that DON treatment may also be therapeutic for SLE T cells \[[@bib63]\].

Tryptophan is another amino acid with significant role in sustaining immune function. Previous studies have demonstrated that high levels of exogenous tryptophan led to an autoimmune phenotype characterized by eosinophil dysfunction in animal models \[[@bib102],[@bib103]\]. Indoleamine-2,3-dioxygenase (IDO), is a rate-limiting enzyme responsible for tryptophan catabolism. General control nonderepressible 2 (GCN2) is a downstream effector of IDO. It is a metabolic-stress sensing kinase eIF-2α-kinase and is essential to protect from autoimmunity through regulation of T cell responses \[[@bib104]\]. The protective role of GCN2 against glomerular inflammation has also been reported in kidneys of nephritis mice induced by immune complex \[[@bib105]\]. Indeed, preliminary investigations suggest that halofuginone, a GCN2 agonist, could suppress systemic autoimmunity in animal models \[[@bib106]\]. Increased IDO activity and elevated Trp degradation are observed in SLE patients \[[@bib107]\].

Macrophages utilize arginine in two main metabolic pathways, the nitric oxide synthesis pathway through classical activation and the arginase pathway through alternative activation \[[@bib108]\]. The nitric oxide synthesis pathway is associated with an inflammatory M1 phenotype and inducible nitric oxide synthase (iNOS) mediates this process \[[@bib109]\]. The production of α-ketoglutarate (αKG) via glutaminolysis is essential for M2 macrophages polarization \[[@bib110]\]. Metabolically, M1 macrophages exhibit a glycolytic phenotype. Nevertheless, M2 macrophages employ fatty acid oxidation and mitochondrial respiration to satisfy their functional needs. Consequently, M2 macrophages have higher basal mitochondrial oxygen consumption rates \[[@bib111],[@bib112]\]. However, whether altered metabolic profile is involved in the pathogenesis of SLE remains elusive.

Myeloid derived suppressor cells (MDSCs) are a heterogeneous cell population involved in cancer, inflammation and infection, with a distinct capacity to suppress T-cell responses \[[@bib113]\]. An obvious increased percentage of peripheral MDSCs is observed in active SLE patients, which has a positive correlation with serum arginase-1 (Arg-1) activity, Th17 differentiation and disease severity \[[@bib114]\]. Moreover, MDSCs are necessary for the induction of Th17 responses and are related to renal injuries in an Arg-1-dependent fashion. This has suggested an Arg-1-dependent effect of MDSCs and its pathogenic function in human SLE. Thus targeting MDSCs or Arg-1 could be a promising therapy for SLE. In another study, administration of MDSCs from healthy mice into roquin^san/san^ mice, a lupus mice model, led to reduced levels of serum anti-ds-DNA antibodies and decreased proteinuria. In addition, expansion of regulatory B cells and decreased follicular helper T cells, Th1 cells, and Th17 ​cells were also observed simultaneously \[[@bib115]\]. In this case, the therapeutic effects were inducible NOS (iNOS)-dependent and Arg1-independent. There might be important differences between human SLE and experimental models. Endothelial nitric oxide synthase (eNOS) deficiency in MRL/lpr mice aggravates renal lesions \[[@bib116]\]. Patients with lupus nephritis are featured by increased levels of iNOS and decreased levels of eNOS \[[@bib117],[@bib118]\].

5. Epigenetic control of metabolism reprogramming in SLE {#sec5}
========================================================

Gene expression can be altered by epigenetic modifications, such as methylation/demethylation of DNA and histones and acetylation/deacetylation of histone and nonhistone proteins, thus regulating immune response in lupus. However, these epigenetic regulations are reversible and are influenced by the presence of metabolic intermediates \[[@bib119], [@bib120], [@bib121]\].

Certain autoimmunity-related genes are hypomethylated in CD4^+^ T cells, CD19^+^ B cells, and CD14^+^ monocytes in SLE \[[@bib122], [@bib123], [@bib124]\]. MX1, IFI44L, NLRC5 and PLSCR1 genes were confirmed to be hypomethylated by microarray techniques. These genes were overexpressed in the type I interferon signaling pathway, which is relevant to the pathogenesis of SLE \[[@bib125]\]. Particularly, abnormal DNA hypomethylation in T cells is an obvious epigenetic hallmark in SLE. Richardson had discovered that inhibition of DNA methylation by 5-azacytidine (5-azaC) induced autoreactive CD4^+^T cells and autoimmune syndrome \[[@bib126]\]. Methylation sensitive genes include CD11a (ITGAL), perforin (PRF1), CD70 (TNFSF7) and CD40 ligand (TNFSF5) in lupus T cells. Various mechanisms may account for DNA hypomethylation in lupus T cells, such as certain miRNAs, RFX1, defective ERK pathway signaling, Gadd45α and DNA hydroxymethylation. For instance, increased miR-126 levels contributes to decreased DNA methyltransferases (DNMT1) expression in lupus CD4^+^T cells; Recruitment of less DNMT1 to the promoter regions of certain methylation-sensitive genes is associated with diminished activity and amount of the transcription factor RFX1; Defective ERK pathway signaling leads to reduced DNMT1 expression in lupus CD4^+^T cells; Gadd45α mainly acts as a DNA demethylator in lupus \[[@bib123]\].

Oxidative stress is, to some extent, responsible for the impaired activity of DNA methyltransferases (DNMTs) in SLE and it is also essential in the mitochondrial disorder in SLE T cells \[[@bib127]\]. The regulation of DNA or histone methylation in lupus is determined by the linkage between dynamically altered methylation/demethylation and metabolic intermediates. Sera of SLE patients have exhibited decreased levels of metabolites derived from methyl group donors, indicating that DNA hypomethylation might be due to defective S-adenosyl-[l]{.smallcaps}-methionine (SAM) cycle \[[@bib128]\]. Studies have also shown that there is a remarkable amelioration of splenomegaly, lymphadenopathy, autoantibody titers, as well as renal IgG accumulation and inflammatory cell infiltration in lupus mouse model upon 5′-Deoxy-5-methylthioadenosine (MTA) treatment \[[@bib129]\].

The JMJC domain-containing histone demethylases are capable to remove histone lysine methylation and therefore regulate gene expression \[[@bib130],[@bib131]\]. Iron Fe(II) and α-ketoglutarate (αKG) are indispensable cofactors which are required for the oxidative demethylation reaction via hydroxymethyl lysine. ROS can oxidize Fe(II) to Fe(III) and decrease JMJC domain-containing histone demethylases activity \[[@bib132],[@bib133]\]. This leads to the enhanced H3K27me3 levels of a kinase promoter, resulting in activated T cell and B cell in SLE patients \[[@bib134]\]. Previous studies have demonstrated that mTOR influences histone demethylase activity through modulation of HIF1 expression, which enhances JMJC demethylase activity \[[@bib135]\]. mTOR signaling is affected by metabolites and microenvironment. It is a master regulator that senses and integrates diverse nutritional and environmental signals, including growth factors, amino acids, energy levels as well as cellular stress \[[@bib136]\]. mTOR is sensitive to hyperglycaemia and amino acids and therefore enhances HIF1 transcription \[[@bib137]\]. Conversely, HIF1 expression is inhibited by EgIN prolyl hydroxylases \[[@bib138]\], which can be induced by α-KG, but suppressed by succinate and fumarate, all of which are products of the TCA cycle \[[@bib139]\]. In conclusion, demethylase enzyme activity is regulated by these metabolic intermediates, which implies the significance of mitochondrial dysfunction in SLE \[[@bib140]\].

Apart from DNA methylation, acetylation of histone and non-histone proteins also has a close relationship with the development of lupus. Enhanced oxidative metabolism and increased levels of acetyl-CoA have been detected in SLE patients \[[@bib141]\]. Acetyl-CoA is proved to affect both p300 acetyltransferase activity and p300 structure \[[@bib142],[@bib143]\]. P300 acetyltransferase is important for sustaining self-tolerant B lymphocytes in mice models. Conditional deletion of p300 in B cells induces the presence of a lupus-like syndrome in mice, with elevated autoantibody levels and typical autoimmune-related phenotypes. This implies acetyl-CoA metabolites may contribute to lupus pathogenesis by modulating p300.

6. Interconnection of the metabolic pathways in SLE {#sec6}
===================================================

The metabolic processes of glucose, fatty acid and amino acid are interlinked and can be co-regulated. mTOR is a target of interest which regulates both glycolysis and fatty acid synthesis in activated immune cells, mainly T cells and B cells \[[@bib60],[@bib69]\]. Additionally, mTOR can sense amino acids and growth factors, promote mRNA translation and lipid synthesis to support cellular growth. Disturbed tryptophan metabolism could enhance CD4^+^ T cell activation, since kynurenine, a tryptophan metabolite, could activate mTORC1 in CD4^+^ T cells \[[@bib144]\]. The elevated level of kynurenine in SLE patients is due to impaired degradation of kynurenine by NADPH-dependent kynurenine hydrolase \[[@bib145]\]. In support of this mechanism, N-acetylcysteine treatment, which restores NADPH levels, significantly decreased kynurenine levels in peripheral blood lymphocytes \[[@bib145]\]. In addition, mitochondrial dysfunction, over-reactivity of the pentose phosphate pathway (PPP) and transaldolase activity, as well as accumulation of kynurenine, can lead to mTORC1 activation in T cells of SLE patients \[[@bib146]\]. Ribose-5-phosphate, produced from an over-reactive PPP in SLE patients is preferentially metabolized into ribose 1,5-bisphosphate instead of phosphoribosyl pyrophosphate (PRPP), which leads to reduced biosynthesis of amino acids, pyrimidines and purines \[[@bib147]\]. In summary, metabolic changes are key to cell immune function.

7. Conclusion {#sec7}
=============

Apart from the disturbed immune system and mitochondrial dysfunction, metabolism (including glucose, lipid and amino acid metabolism) of immune cells, as well as epigenetic, control of metabolism reprogramming is also abnormal in SLE patients. With the studies of SLE patients and mouse models, various cell types function through different metabolic ways, which indicates that cellular metabolism is, to some extent, a cell-intrinsic process. Novel drugs that modulate cell metabolic processes might ameliorate the aberrant immune response and be used to treat SLE patients. Therapy targeting mTOR activation with rapamycin or N-acetylcysteine could be a promising way to reduce the disease severity in SLE patients \[[@bib32]\]. Regulation of the fatty acid pathways, such as glucocorticoid treatment, has been directly linked to reduce leptin levels through inhibition of mTOR in SLE patients \[[@bib18]\]. In recent studies, DON treatment, targeting MDSCs or Arg-1 might be promising therapies for SLE \[[@bib63],[@bib101],[@bib113],[@bib114]\]. In conclusion, metabolic pathways are potential targets for therapy in SLE patients. A comprehensive understanding of each metabolic pathway will facilitate and benefit personalized therapeutics in SLE and other autoimmune diseases.
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